Mycoplasma hyopneumoniae is an important cause of pneumonia in pigs around the world, but confirming its presence in (or absence from) pigs can be difficult. Culture for diagnosis is impractical, and seroconversion is often delayed after natural infection, limiting the use of serology. Numerous PCR assays for the detection of M. hyopneumoniae have been developed, targeting several different genes. Recently, genetic diversity among strains of M. hyopneumoniae was demonstrated. The effect of this diversity on the accuracy and sensitivity of the M. hyopneumoniae PCR assays could result in false-negative results in current PCR tests. In this study, a panel of isolates of M. hyopneumoniae, M. flocculare, M. hyorhinis, and M. hyosynoviae were tested with a number of M. hyopneumoniae-specific PCR assays. Some M. hyopneumoniae PCR assays tested did not detect all isolates of M. hyopneumoniae. To increase the efficiency of PCR testing, two new real-time PCR assays that are specific and capable of detecting all of the M. hyopneumoniae isolates used in this study were developed.
Mycoplasma hyopneumoniae is the causative agent of enzootic pneumonia and an integral component of the porcine respiratory disease complex. Considered one of the most important sources of disease-associated losses in swine production, M. hyopneumoniae is also one of the most difficult to detect. This organism is difficult to isolate in pure culture because it is easily overgrown by other contaminating bacteria; therefore, culture is generally not attempted. In addition, seroconversion to M. hyopneumoniae is often slow within a herd and can vary considerably among pigs, making the use of enzyme-linked immunosorbent assays less effective. A number of PCR assays have been developed and reported to be both sensitive and specific for M. hyopneumoniae (4, 6, 11, 19, 20, 22, 24, 26) . As a result, this technique is now among the most widely used for detection of M. hyopneumoniae in pigs.
While the development of PCR assays has greatly enhanced our ability to detect M. hyopneumoniae, the genetic variability of the organism (1, 5, 12, 14, 15, 21) can affect detection by PCR. It is not known what effect this heterogeneity has on the sensitivities of the different assays. Real-time PCR has many advantages over traditional PCR assays, including less time to obtain quantitative results and a decrease in environmental contamination. Together, these traits make real-time PCR assays preferred in diagnostic and research settings. A real-time assay that is based on a conserved target common among isolates of M. hyopneumoniae has not yet been described. The two currently published M. hyopneumoniae-specific real-time assays had to be used in combination in order to detect all M.
hyopneumoniae field samples in a Swiss collection of isolates (6) . In addition, many of the previously published PCR assays were validated using only a small number of mycoplasma isolates. Therefore, the objectives of this study were to measure the ability of several M. hyopneumoniae-specific PCR assays to detect a collection of isolates of M. hyopneumoniae and also to identify new targets for real-time PCR assays for M. hyopneumoniae. hyopneumoniae (Mhp165 seqF and Mhp165 seqR) ( Table 3) . A panel of forward and reverse primers was then designed (Mhp165 F g-a, Mhp165 R t-c, Mhp165 R t-c g-a, and Mhp165 R g-a) ( Table 3 ) based on the sequence results ( Fig. 1) . The primers were then tested for their abilities to detect the isolates possessing single-nucleotide polymorphisms (SNPs). One set of forward and reverse primers (Mhp165 F and Mhp165 R) ( Table 3 ) was selected and shown to be unique to M. hyopneumoniae by BLAST analysis. This set was further tested for specificity by use of a SYBR green assay performed as described by the manufacturer (QuantiTect SYBR green PCR kit; Qiagen) with DNA from M. hyopneumoniae, M. flocculare, M. hyorhinis, and M. hyosynoviae. All real-time assays were performed on a Rotor-Gene RG-3000 (Corbett Research, San Francisco, CA). A checkerboard assay of primers at 100 nM, 300 nM, and 900 nM versus probe concentrations of 50 nM, 150 nM, and 250 nM was used to optimize the real-time protocol by use of the universal PCR master mix (Applied Biosystems, Foster City, CA) according to the manufacturer's directions. The following cycling parameters were used: 50°C for 2 min; 95°C for 10 min; and 40 cycles of 95°C, 15 s, and then 60°C for 1 min. Template DNA from four different isolates of M. hyopneumoniae was utilized in replicates of the checkerboard assay. The detection limit of the finalized assay was tested using a dilution series (10 ng/l to 1 fg/l) of chromosomal DNA from M. hyopneumoniae strain 232. The assay was also compared to a nested PCR targeting the mhp165 gene that includes an inner set of primers (8) corresponding to a previously published outer set (19) (Mhp165 outerF, Mhp165 outerR; Mhp165 innerF, Mhp165 innerR) ( Table  3) . By use of the GeneAmp PCR core kit (Applied Biosystems), the following reaction mixture was employed for both the inner and outer assays: 1ϫ PCR buffer II, 2.5 mM MgCl 2 , 100 M each deoxynucleoside triphosphate, 0.4 mM each forward and reverse primer, 2.5 U Taq, 2 l template (PCR product from the outer reaction is the template for the inner "nested" reaction), and a sufficient quantity of PCR-grade water to a final volume of 50 l. The same cycling parameters were applied to both the outer and inner reaction mixtures as follows: 94°C for 3 min and 35 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 2 min. Products from these reactions were analyzed on a 1.5% agarose gel. M. hyopneumoniae mhp183 real-time PCR. To identify conserved regions for primer and probe design, gene sequences for P97 (mhp183) from 17 different GenBank records were aligned using vector NTI Advance 10 (Invitrogen, Carlsbad, CA) ( Fig. 2) , and primers and probes were designed with Primer Express version 2.0.0 (Applied Biosystems) (Mhp183 F, Mhp183 R, and Mhp183 P) ( Table 3) . These primers and probes were shown to be unique to M. hyopneumoniae by a BLAST search. They were further tested for specificity with a SYBR green assay performed as described by the manufacturer (QuantiTect SYBR green PCR kit; Qiagen) with DNA from M. hyopneumoniae, M. flocculare, M. hyorhinis, and M. hyosynoviae. A checkerboard assay of primers versus probe concentrations was performed as described above. Template DNA from four different isolates of M. hyopneumoniae was utilized in replicates of the checkerboard assay. This assay was then tested against each of the bacterial DNA samples listed in Table 1 . The detection level of the finalized assay was tested with a dilution series (10 ng/l to 1 fg/l) of chromosomal DNA of M. hyopneumoniae.
mhp165 and mhp183 multiplex real-time PCR assay. A dilution series of chromosomal DNA of M. hyopneumoniae was tested in the mhp165 and mhp183 real-time PCR assays both individually and multiplexed, and with or without an exogenous internal positive control (EIPC) (Applied Biosystems) (data not shown). The EIPC was used to control for inhibition in the PCR caused by the template sample. Reagents for the EIPC were diluted twofold from the manufacturer's suggestion.
DNA sequencing and analysis. The region of the M. hyopneumoniae genome containing the PCR target of Artiushin et al. (2) and as used by Kurth et al. in the outer pair of a nested PCR (11) was sequenced from strains 232, 95MP1509, 95MP1505, 00MP1502, and 00MP1301. The location of the PCR target was identified by BLAST analysis of the M. hyopneumoniae genome sequence (16) with the sequence from the work of Kurth et al. and was found to include the 5Ј end of mhp023 and most of mhp024.
Nucleotide sequence accession numbers. The nucleotide sequences in the mhp023 and mhp024 chromosomal regions of strains 95MP1505, 95MP1509, 00MP1301, and 00MP1502 have been submitted to the GenBank database under accession numbers EU658728, EU658729, EU658727, and EU658726, respectively. The nucleotide sequences in the mhp165 chromosomal regions of strains 95MP1509, 96MP0001, and 06MP2501 have been submitted to the GenBank 
RESULTS
Mycoplasma PCR assay panel. Assays targeting the 16S rRNA gene (4, 20, 24) and the mhp165 gene (8, 19) positively identified all of the M. hyopneumoniae isolates used in this study. However, five of the M. hyopneumoniae-specific PCR assays did not detect every M. hyopneumoniae isolate in our collection (Table 2 ). These five assays targeted the following three genes: a putative ABC transporter (GenBank accession no. U02537) (6, 26) , a repeated element (REP; GenBank accession no. AF004388) (6, 22) , and a target that spanned the hypothetical genes mhp023 and mhp024 (GenBank accession no. AE017332; base pairs 27057 to 28020) (11) . With the PCR assay used by Kurth et al., some strains of M. hyopneumoniae gave products with the outer primers but failed upon use of the inner primer pair.
Real-time PCR assays. The SYBR green assay using primers for the mhp165 assay was specific only to M. hyopneumoniae, while the primers for the mhp183 assay produced a product for both M. hyopneumoniae and M. flocculare. When analyzed on a 3% agarose gel, the product for M. flocculare was smaller than the amplicon made in M. hyopneumoniae (data not shown), indicating that the targets are not identical in each species.
The most sensitive combination of primers and probes among the M. hyopneumoniae isolates tested for the mhp165 assay was 900 nM forward primer, 900 nM reverse primer, and 50 nM probe. Additionally, Mhp165 probes labeled with Cy3 or Cy5 were found to perform identically regardless of the label used (data not shown). For the mhp183 assay, the most sensitive combination was 50 nM forward primer, 900 nM reverse primer, and 50 nM probe.
Both of the probe-based real-time PCR assays were specific to M. hyopneumoniae, detected all isolates of M. hyopneumoniae in our DNA collection, and detected none of those in the M. flocculare, M. hyorhinis, and M. hyosynoviae panels. In 
ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ 95MP1504 ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ 95MP1505 ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ 95MP1506 ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ 95MP1507 ϩ ϩ ϩ ϩ Ϫ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ 95MP1509 ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ 95MP1510 ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ 00MP0001 ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ 00MP0002 ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ 00MP0003 ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ 05MP2302A ϩ ϩ ϩ Ϫ Ϫ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ 05MP2303 ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ 06MP0002 ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ Ϫ ϩ ϩ 06MP2501 ϩ ϩ ϩ Ϫ Ϫ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ 00MP1502 ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ Ϫ ϩ ϩ P-1814-10 Ϫ Ϫ Ϫ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ Ϫ ϩ ϩ P-5398-1 ϩ ϩ ϩ Ϫ Ϫ ϩ ϩ ϩ ϩ ϩ ϩ ϩ Ϫ ϩ ϩ P-5782 Ϫ Ϫ Ϫ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ P-6053-2 ϩ ϩ ϩ Ϫ Ϫ ϩ ϩ ϩ ϩ ϩ ϩ ϩ Ϫ ϩ ϩ P-11318-6 ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ Ϫ ϩ ϩ P-12895-2 ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ Ϫ ϩ ϩ P-13129-6 ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ ϩ a PCR assays are indicated in the table as follows: A, REP real-time PCR (6); B, outer nested product (22); C, inner nested product (22) ; D, ABC real-time PCR (6); E, inner nested product (26); F, multiplex (20) ; G, outer nested product (19) ; H, inner nested product (8); I, outer nested product (4, 13); J, inner nested product (4); K, M. hyopneumoniae assay (23); L, outer nested product (2, 11); M, inner nested product (11) ; N, mhp165 real-time PCR (this study); O, mhp183 real-time PCR (this study). addition, none of the other bacteria tested were positive by either of these assays (100% specificity). Clinical samples taken 28 days postinoculation from M. hyopneumoniae-infected pigs were also tested, including nasal swabs, bronchial swabs, and bronchial alveolar lavage fluid. All samples from all infected pigs were positive by both assays except for one nasal swab tested by the mhp183 assay (Table 4) . DNA sequence results. DNA sequence analysis of the PCR target of Kurth et al. was performed due to the failure of the inner product of the nested PCR to detect some strains of M. hyopneumoniae. Sequences from strains 232, 95MP1509, and 95MP1505 are nearly identical (data not shown), but sequences from strains 00MP1502 and 00MP1301 show three regions with only 80 to 87% homology to strain 232 and three regions with no significant homology, including a break in the alignment of strains 00MP1502 and 00MP1301 to strain 232 at the site where the forward inner primer binds. Sequences of the inner-primer binding regions and a graphical representation of the BLAST scores are shown in Fig. 3 .
Sequence analysis of the 529-bp region containing the primer binding sites for mhp165 for five isolates of M. hyopneumoniae identified SNPs in the reverse and/or forward primers, while the site of probe binding was found to be homologous (Fig. 1) . Real-time PCR analysis using DNA templates from isolates 96MP0001, 95MP1509, 06MP2501, and 232 was then performed using primers including each of the identified SNPs (primers for the 132-bp fragment) ( Table 3 ). Every primer pair was able to detect each isolate tested, but variation in the sensitivities for M. hyopneumoniae isolates was observed as a change in the threshold cycle values among the different primer pairs (data not shown).
Detection level. A 10-fold dilution series from 10 ng/l to 1 fg/l, including two additional dilutions of 5 fg/l and 2.5 fg/l, was made with DNA extracted from M. hyopneumoniae strain 232. One femtogram of chromosomal DNA is considered to be approximately one genome equivalent (11) . The nested-set PCR based on the mhp165 gene detected DNA from the 10-ng/l to 5-fg/l dilutions. The mhp165 and mhp183 realtime PCR assays each detected DNA from the 10-ng/l to 2.5-fg/l dilutions (data not shown).
DISCUSSION
Five PCR assays targeting three different genes of M. hyopneumoniae failed to detect all of the M. hyopneumoniae isolates in our collection. The two published real-time assays targeting the ABC and REP genes did not detect every isolate, as had been previously reported (6) . Additionally, the standard PCR assays on which these two real-time assays were based failed to detect the same isolates of M. hyopneumoniae in nearly every case (22, 26) . Contrary to the findings of Dubosson et al. (6) , who used the REP and ABC real-time assays in combination to detect all isolates in their study, there was one isolate (96MP0001 [Table 1 ]) in the current study that was not detected by either of these PCR assays.
The PCR assay of Kurth et al., a nested assay targeting a unique hypothetical gene of M. hyopneumoniae (11) , also failed to detect all isolates. The basis for this failure was genetic variability among the isolates resulting in deletions of and rearrangements in the mhp024 gene. One of the PCR primer binding sites was missing, causing failure in the inner-pair reaction. This demonstrates the importance of evaluating each primer pair individually across multiple isolates in nested-set PCR assays.
Based on these PCR results, we developed two new realtime PCR assays. The nested PCR assay with the mhp165 gene performed well against our panel of isolates, and therefore this gene was selected as a target for one of the new real-time assays. The function of the mhp165 gene has not been identified, but it is a large gene (6,140 bp) containing zinc finger, metallopeptidase, coiled-coiled, transmembrane, secretory signal, and ABC transporter sequence motifs. This information is available in the M. hyopneumoniae database (http://mycoplasma.genome.uab.edu/).
A second real-time PCR assay developed in this study targets the gene for the P97 cilium adhesin (mhp183). The product of this well-characterized gene is important for the adherence of M. hyopneumoniae to ciliated epithelium within the respiratory tract (9, 10, 27) . Because it is thought to be necessary for virulence, this gene is likely to be present in all pathogenic isolates of M. hyopneumoniae. Additionally, this gene has been sequenced from a large number of isolates, allowing identification of conserved regions. While a small target was produced with the M. flocculare template using the forward and reverse primer in a SYBR green assay, this product did not hybridize to our M. hyopneumoniae-specific probe. When M. flocculare DNA was added to a dilution series of M.
hyopneumoniae DNA, no effect on sensitivity to the real-time assay was found (data not shown). Due to the restricted parameters used in primer and probe design programs for real-time PCR assays, there is often little choice in the area of the gene that can be targeted. This is particularly true for M. hyopneumoniae, due to its low GϩC content (28.6%) (16) . Therefore, even though SNPs were identified in the primer binding sites for mhp165, this area was unable to be avoided because of probe design issues; however, the internal probe was conserved between these isolates. In addition to the SNPs identified in the previously sequenced strains 232, J, and 7228, various SNPs were found to be contained in the primer binding regions upon sequencing of three isolates from the M. hyopneumoniae isolate collection. More-extensive sequencing of isolates was not performed due to the fact that all isolates in our panel were detected by this assay. The observed SNPs did have an effect on the sensitivity of the mhp165 assay. This could potentially affect the diagnostic ability of the mhp165 assay in the field. Additionally, this assay would not be as useful for quantitative comparisons of samples from different isolates as the mhp183 assay, the target of which appears to be conserved at the primer and probe binding sites.
Both the mhp165 and mhp183 assays detected M. hyopneumoniae DNA in clinical samples collected from groups of pigs experimentally inoculated with M. hyopneumoniae isolates. One nasal swab sample was found to be negative by the mhp183 assay from a pig challenged with isolate 00MP1301. PCR performed on samples from nasal swabs has previously been shown to have a detection rate lower than that performed on bronchial swab or bronchial alveolar lavage fluid samples (11) . The nasal swab sample from the other pig challenged with isolate 00MP1301 and the bronchial swab and bronchial alveolar lavage fluid samples from both pigs were all PCR positive, demonstrating the ability of the mhp183 assay to detect this isolate. The EIPC included in the mhp183 assay gave a positive result for a nasal swab sample that was negative (data not shown), indicating that no sample inhibition occurred and that the negative result was more likely due to the low level of M. hyopneumoniae DNA present in the sample.
The assays targeting the 16S rRNA gene detected all M. hyopneumoniae isolates (4, 20, 24) , but many researchers are reluctant to target this gene due to its high level of conservation among bacterial species, which may lead to false-positive results. A number of mycoplasmas and related acholeplasmas that have received little research, such as M. arginini, M. salivarium, M. hyopharyngis, Acholeplasma laidlawii, A. granularum, and others, have been isolated from pigs (3, 7, 17, 18) . The prevalence of these organisms is unclear, as are their potentials for eliciting false-positive results in 16S-based PCR assays (or in PCR assays targeting other genes).
Although three strains of M. hyopneumoniae have been sequenced (16, 25) , there is little known concerning the extent of genetic variability between M. hyopneumoniae isolates, making it difficult to identify conserved targets for PCR assays. One recent study has shown a considerable amount of genetic diversity among field isolates (12) . To improve the diagnostic ability to detect field isolates of M. hyopneumoniae, the two real-time PCR assays developed for mhp165 and mhp183 were multiplexed. An EIPC was included to control for sample inhibition from template contaminants leading to a false-negative result. No decrease in sensitivity was found by comparing the individual assays to the multiplexed assay. Each of the two real-time assays was more sensitive than a nested-set PCR assay to the mhp165 gene (8) .
Noteworthy is the fact that the mhp165 and mhp183 assays described here detected all of the isolates tested. This is a significant improvement over previously described real-time PCR assays. Results from this study also support previously reported genetic diversity among isolates of M. hyopneumoniae. The extent of this variability and its effect on currently used diagnostic assays to accurately detect a wide range of M. hyopneumoniae field isolates have yet to be determined. The majority of M. hyopneumoniae isolates used in the present study came from pigs in the United States. A future study comparing these PCR assays against a more diverse interna- T  C  G  T  T  A  A  G  T  T  C  A  T  T  C  G  C  G  C  T  A  G  C  C  C  A  A  /  /  G  T  A  A  C  T  T  C  A  T  A  T  G  G  G  C  A  A  T  A|  0  0  M  P  1  3  0  1  T  A  A  A  T  T  T  T  T  A  A  A  T  G  C  G  T  T  T  G  T  A  G  C  A  A  C  C  A  A  A  /  /  A  T  A  A  C  A  T  C  A  T  T  T  G  G  A  C  A  A  T  A  T  G  G  A  G  A  A  G  G  G  G  C  G  A  T  T 
